This study explores the aerodynamic characteristics of a ducted contra-rotating lift fan for vertical/short takeoff and landing application by means of force, pressure, and flow field measurements. The effect of rotating frequency and contra-locomotion on the force generation was examined using a miniature six-component force sensor. Additionally, for the sake of considering the ground effect, the flow field at the exit was investigated using high-response pressure measurement. Results revealed that the lift shows a quadratic generation trend on increasing the r/min where the inherent unsteady flow contradicts the conventional quasi-steady model of propeller. The contra-rotating mechanism can significantly augment the lift while still being lower than double single rotors. The unsteadiness of the contra-rotating rotors is quite obvious where two high-pressure regions are revealed and rotate. When the lift fan approaches the ground, the lift will be augmented significantly due to the surplus of the wake jet.
Introduction
Increasingly, unmanned air vehicles (UAVs) have drawn considerable attentions due to their potential applications in civilian and military sectors. Existing UAVs can be briefly categorized into three different concepts: fixed, rotary, and flapping wing. Fixed and out-rotary concepts have been widely studied in the past decades, because they can directly benefit from the well-developed theories and technologies. However, they have been observed to suffer from degraded aerodynamics when scaling down. 1 Flapping wing UAVs, the most intriguing type in the UAV family, are regarded as the most efficient prototype due to the high lift unsteady mechanisms. Successful flapping-wing UAVs can be recognized such as Microbat, 2 DelFly, 3, 4 hummingbird, 5 Robobee, 6 etc. Ducted-fan UAV, as one special rotary manned aerial vehicle (MAV), has obtained a considerable attention recently. [7] [8] [9] [10] The welldocumented advantage of the ducted-fan MAV is its efficiency due to duct lip and enhanced blade tip lift. Moreover, when comparing with open rotor MAVs, the shrouded duct can protect the high-speed rotating blade hitting the surrounding objects and thus allow such an MAV to achieve a near-wall mission.
The ducted fans submersed in the MAVs are normally driven by propellers or lift fans to perform a vertical/ short takeoff and landing (V/STOL). Instead of a single lift fan, the ducted-fan aircrafts are normally equipped with contra-rotating fans 11, 12 in order to augment the lift production and neutralize the torque, which is suitable for a tailless configuration.
In view of the aerodynamic characteristics, the rear rotating fan refines the wake direction closer to the axial flow, and then enhances the performance. 13 The flow field of a contra-rotating ducted fan is extremely complex due to mutual aerodynamic interference effects of the high-speed rotating fans. The aerodynamics of the rotors can significantly influence the overall performance of ducted-fan MAVs. Relevant studies are well documented in literature. Guerrero et al. methodology that can be used for conceptual designing ducted-fan vertical takeoff and landing unmanned air vehicle. Their method is based on a parametric geometry model and semi-empirical aerodynamic methods, and the results were validated with wind tunnel test data on a full-scale vehicle. Williams et al. 15 performed both steady and unsteady aerodynamic studies on ducted fans using a frequency domain panel method based on three-dimensional linear compressible lifting surface theory. Their result shows that the duct has an adverse effect on the aero-elastic stability of the rotor. Page 16 developed a vortex blade-element propeller design and analysis procedure for the design and analysis of single-and contra-rotating ducted fans, which can be used on a single-rotating ducted fan with a fixed stator or a dual-rotating ducted fan. Stiltner et al. 17 performed a detailed design phase of a ducted-fan MAV. With the completion of the detailed design phase, they moved forward with the construction of the MAV and improved some ways to fabricate the vehicle. Finally, tests including thrust testing, landing gear drop tests, electronic benchmarking, and the beginning of tethered tests on the duct fan UAV were conducted on the constructed vehicle. Sharma et al. 18 investigated the influence of axial gap on the performance of upstream rotor combining a lowspeed (maximum speed of 2500 r/min) test rig, and their studies indicate that the axial gap between the rotors has an important impact on the performance, thus affecting the performance of the rotors. At a small axial clearance, the rear rotor can effectively delay the stall on the front rotor. However, they did not give a detailed explanation of the complex flow mechanism. Later on, Wang et al. 19 continuously studied the effect of axial space between two blade rows, where they indicated that the axial space can significantly affect the performance of fan, and it is always essential to optimize a critical space by trading off with the structural limitation.
Since 2013, our group in the School of Power & Energy, Northwestern Polytechnical University has engaged in the research of ducted-fan UAVs with regard to the related technologies in aerodynamics, mechanism, electronics, autonomy, etc. A remotecontrolled ducted UAV driven by a ducted contrarotating lift fan has been developed recently, as seen in Figure 1 . The lift fan is able to achieve about 8 Newton net lift and 2.5 kW power at design revolution speed (r/min ¼ 3000) allows the UAV to carry on-board task payloads, such as cameras, pressure sensors, etc. The present study carries out an experimental study to obtain a preliminary understanding on the aerodynamics of the ducted-fan flyers with particular efforts into the contra-rotating system. This paper is organized as follows: upcoming section discusses the experimental model and methods for the contra-rotating lift fan UAV test. The results and discussions are presented later subsequently followed with the conclusions in the last section.
Experimental model and methods

Experimental model and test matrix
The experiments were conducted at the Turbomachinery Laboratory of Northwestern Polytechnical University. A full-scale simplified model of the ducted UAV (excluding the electronic speed controller, the receiver, the battery, and the control surfaces) was used as the test model in the measurements as seen in Figure 2 . To sustain longer duration of the measurements, the original on-board lithium battery was replaced by an external power supply (24 V), and the rotating frequency was controlled by an in-house-built microcontroller board.
The lift-fan UAV model in the present study employs contra-rotating rotors as a compact configuration, which is regarded as a promising technique to meet the requirements of energy consumption and noise reduction. 20 The specification of the two-blade propellers is 15 inch in diameter and the pitch is 5.5 inch. The distance between those two propellers is set at 3 cm. The rotating speed of the two contrarotating propellers are set as identical during all the measurements as well as in flight, and the r/min was varied between 2000 and 3500 with an increment of 500 to assess the effect of the rotating speed on the aerodynamic performance. Four model-to-ground height (hereafter referred to as H E2G ) were examined, i.e. 2d, 1d, 0.5d, 0.25d (where d is the diameter of the propeller) in order to evaluate the ground effect in terms of force production, pressure field, and flow field structures.
Force/pressure sensor and data acquisition system During the measurements, the ducted lift-fan model was directly mounted (upside down) on a sixcomponent force transducer (ATI, Mini 40) to instantaneously record the lift/thrust (z-direction). The measurement uncertainty for the force transducer is around 1%, with a 95% confidence level. To examine the ground effect, a movable acrylic sheet was oriented on the top of the exit to mimic the ground, where 36 high-response pressure sensors (WMS-52, Weimin Inc.) were mounted on the plate to measure the static pressure signal of the jet flow. A fieldprogrammable gate array (FPGA)-based data acquisition (DAQ) system was employed for logging the force and pressure signals to the PC. To obtain a high resolution and fidelity of the required data, the data acquisition rate of the force and pressure sensors were set to 10 kHz. In all the measurements, a recording time of 15 s was used to ensure a sufficient amount of data for the post processing.
Particle image velocimetry measurements
Planar-PIV measurement was performed to investigate the flow behavior at the exit of the lift-fan system (see in Figure 2 ). A CCD camera (SM-CCDB4M20) equipped with 50 mm Nikon Micro lenses was employed to image a field of view (30 cm Â 40 cm) at the exit. The flow region under investigation was illuminated by a double-pulse Nd:YAG laser (LASER-BM200-15, 532 nm wavelength, 2 Â 200 mJ) at 10 Hz repetition rate. The laser sheet thickness was set around 1 mm. A fog generator (MV-POWDER05) was used to produce a water-glycol-based fog of droplets with a mean diameter around 1 mm. During the measurement, the test room was first filled with particles in order to guarantee a homogenous distribution of the seeding.
The commercial software MicroVec V3.5.1 (MicroVec Pte. Ltd) was used for calibration, data recording, image preprocessing, and cross-correlation and further vector postprocessing. A preprocessing was implemented by subtraction of a sliding minimum over a kernel size of 21 pixel Â 21 pixel. Then all frames were normalized by a local average over 20 pixel Â 20 pixel. A 5 pixel Â 5 pixel Gaussian smoothing filter was performed to enhance the particle images. The preprocessed double-frame images were interrogated using windows with a final size of 64 pixel Â 64 pixel with two refinement steps with an overlap factor of 75%.
Results and discussions
The first test is to investigate the force production benefit from the contra-rotating configuration when compared with a single rotor case, as shown in Figure 3 . Note that the raw data was first denoised using a Chebyshev II low-pass filter. For the single rotor test case, the rear rotor was removed for the sake of introducing unexpected flow interaction in the wake of the front rotating rotor. As noted that both cases (i.e. the single and contra-rotating configurations) shows an approximate quadratic increase with the increasing r/min, this phenomena contradicts the conventional quasi-steady actuator disk model where the force generation exhibits a linear behavior with the revolution speed. 21 Thus, the unsteady analysis of the turbomachinery might provide a relevant precise and physical impress than using steady methodologies. Obviously, the presence of a second contrarotating propeller can significantly augment the force production as expected. And the disparity increases on increasing the r/min. However, another phenomenon has to be noted where the fore production from the contra-rotating configuration is still lower than twice of the single rotor case. Such scenario indicates that when the dimension requirement is not a restrict limitation in the propulsion system, using two sole rotors would provide a better performance than the contra-rotating configuration. While the force generation is also related to other mechanical parameters such as increasing r/min, the axial space, and rotating speed ratio between the front and rear rotors, etc. The flow field in terms of vertical velocity (i.e. V) at the exit of the ducted-fan UAV is shown in Figure 4 where both single rotor and contra-rotating are plotted. Note that due to the limitation of the laser power, the field of view did not cover the entire area of the ducted-fan exit. It is therefore a 22 cm Â 20 cm field of view located at one side of the exit of the ducted-fan UAV. The assumption has to be made that the flow field is symmetric circumferentially. In general, a momentum surplus jet flow is observed for both cases as illustrated in Figure 4 . The degree of the jet surplus flow is more enhanced due to the presence of the contra-rotating propeller, which is indicative of more lift generation in agreement with the force measurement. It is also to be noted that the main flow direction has been tilted towards outside of the UAV; see the velocity profile in Figure 5 . Note that the starting point (0 point) of x-axis in Figure 5 is the ducted fan and x/d ¼ 0.5 is located at the rotating axis.
For a single open rotor, the slip stream converges after the rotating rotor. When the rotor is ducted, the stream tube is expended following the limitation of the ducted wall and thus increases the back pressure, in other words, augment the lift generation. The changing of the main flow might be because of the presence of the second coaxial contra-rotating propeller. The complex interaction could not be captured experimentally in the present study. Further numerical analysis should be applied on ducted contra-rotating propeller where the flow behavior between the propellers can be clearly revealed.
The ground effect
It is well established that when a fixed wing aircraft approaches the ground (typically one wing span or even less), the lift will increase and drag decreases, hence making it more efficient to fly. This so-called ground effect has also been revealed on the rotary aircraft, such as helicopters. During the free flight test of our developed ducted-fan UAV in the present study, the controllability becomes worse when the UAV flying in close vicinity to the ground, where a sudden dap was revealed and in some cases the UAV cannot perform a stable flight. This section is dedicated to clarify the aerodynamic behavior, particularly the force generation and flow structures when the UAV flies near the ground.
Five H E2G positions (0.125d, 0.25d, 0.5d, 1d, 2d) are examined in the present study by moving the acrylic plate. Figure 6 plots the force variation with different exit-to-ground height (hereby referred to as H E2G ). Clearly, the lift augment becomes dominated when H E2G is lower than 0.25d, which has also been revealed in the free flight test, i.e. the controllability becomes worse when flying at the vicinity of the ground. The jet flow hitting the ground will alternatively augment the lift production and this phenomenon is noticeable with a higher rotating speed.
The pressure contour for RPM ¼ 3000 case on the acrylic plate is plotted in Figure 7 , where the 32 highresponse pressure sensors matrix is schematically shown in Figure 7 (a). The pressure data are assembling averaged using the data set within 15 s. Clearly, the static pressure on the ground (i.e. acrylic plate) is increased dramatically when approaching the ground, which in return produces more lift. The higher pressure region is located circumferentially near the tip region. The results agree with the velocity profile in Figure 5 where the jet flow containing the strongest momentum is oriented between 75% and 80% along the half-blade span. This phenomenon provides the direction of mounting the control surfaces, namely rudder, elevator, etc., at these positions where a good efficiency can be achieved.
The unsteadiness effect of the ducted-fan UAV
The rotating propeller can inherently cause a noticeable unsteady flow in the wake; moreover, due to the presence of the contra-rotating propeller and the shrouded duct, the flow would become more unsteady and complex accordingly. Figure 8 illustrates the instantaneous snapshots of the pressure contour within one rotating cycle for different rotating speeds when H E2G ¼ 1d. There are two high-pressure regions rotating anti-clockwise at around 80% of the blade span for each rotating speed. The intensity of the high-pressure region is expected to be augmented with the increasing r/min while the rotating speed of the high-pressure region becomes faster when increasing the r/min of the motor as can be seen from Figure 8 . This might be due to the second contrarotating propeller that changes the flow structures and behavior.
To clearly identify the unsteadiness at different spanwise directions, six high-speed response pressure sensors were located along the diameter of the propeller on the acrylic plate (say the ground), as schematically shown in Figure 9 . The magnitude of the pressure variation peaks at sensors 2 and 5 where the jet flow peaks agrees with the pressure distribution in Figures 7 and 8 . Because of the geometric constrains of the duct, the pressure at sensors 1 and 6 are quite small and steady.
Conclusions
The present study experimentally explores the aerodynamic characteristics of a ducted contra-rotating lift fan UAV for V/STOL application. The effect of rotating frequency, contra-rotating mechanism, and the ground effect are investigated by means of force, pressure, and flow field measurement. Mean force plots indicates that the contra-rotating mechanism can significantly augment the force (lift in this case) production, while still being lower than twice of the force from single propeller. As documented, the presence of the second contra-rotating rotor is a promising solution for compromising the compact configuration and the force production. The mechanism used in the present UAV should be definitely optimized by parametric studies, namely, the axial space, the rotating ratio between the front and rear rotors, the tip clearance gap size, etc. The force generation for both single rotor and contra-rotating rotors increases quadratically on increasing the r/min, which is contradicted against the conventional quasi-steady propeller model say a linear behavior. This indicates an unsteady flow and complex interaction inherently exists in the contrarotating mechanism. In addition, the contra-rotating changes the velocity profile at the exit of the duct where the main flow moves towards outside the duct. The lift is significantly increased when moving at the vicinity of the ground and the augment is quite noticeable with higher r/min. Further study will be dedicated in the optimization of the current design, which in return would improve the overall performance of the ducted-fan UAV.
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